The influence of residence time of reclaimed water within water distribution systems on microbial water quality was evaluated in two wastewater reclamation facilities in southern Arizona over a 15-month period. These utilities differed in age, geographic location, means of treatment, and disinfection (i.e. UV versus chlorine). At both facilities, samples were collected from the point of compliance (POC) directly after disinfection, and at discrete locations with increasing distance from the POC. Following entry into reclaimed water distribution systems, overall microbial water quality decreased rapidly due to microbial regrowth. However, following such regrowth, microbial concentrations remained relatively constant. Water-based opportunistic pathogens (Legionella, Mycobacterium, and Aeromonas) were frequently detected in both reclaimed water systems. In contrast, waterborne indicators such as Escherichia coli and Enterococcus were rarely detected, and only at low concentrations. These dates suggest the need for new indicators of water-based pathogens to be developed. Rechlorination in one of the distribution systems only reduced the concentration of bacteria temporarily due to rapid dissipation of chlorine, and subsequent regrowth of both water-based pathogens and indicators. Amoebic activity was detected in approximately onethird of all samples tested from both utilities, but was not correlated with either water-based pathogens or indicators.
The chemical and microbial water quality of reclaimed water at the point of entry is routinely monitored as it leaves the treatment plant, since this is frequently the point of compliance (POC). However, due to the fact that water must travel extensive distances through the distribution system to the point of use, there is potential for the quality of water to deteriorate within the distribution system, with residence time or water age being a key factor. Residence time will normally be a function of water demand as well as system operation and design. As residence time increases, both chemical and microbial water quality can be diminished (Narasimhan et al. ; Weinrich et al. ) .
Frequently, such deterioration of microbial water quality with increased water age is due to chlorine dissipation as it interacts with organic matter, allowing for bacterial regrowth (Ryu et al. ) .
In this present study, the influence of the residence time of reclaimed water within distribution systems on microbial water quality was evaluated. Specifically, two wastewater reclamation facilities (WWRF) which utilized different methods of treatment and disinfection were monitored for an extended period of time. An additional objective was to document the incidence of both indicator bacteria and water-based pathogens in reclaimed water distribution systems.
MATERIALS AND METHODS
Water quality monitoring: site description and sampling strategy The distribution systems of two WWRF located in southern Arizona were sampled monthly for microbial water quality over a 15-month period from November 2009 to February 2011. At both facilities, samples were collected from the POC at the plant directly after disinfection, and at discrete points along the distribution system with increasing distance from the POC. Distance from the POC was used as a surrogate for residence time, since residence time itself within the distribution system is unknown. The distance between sampling locations for each reclamation facility varied due to the differences in the length and design of each distribution system. For Utility A, 25 miles of pipeline were monitored in this study. For Utility B, 8 miles of pipeline were monitored. For both utilities, reclaimed water was utilized for irrigation of turfgrass areas including parks, golf courses and schools.
The two reclamation facilities studied differed by age, geographic location, means of treatment, disinfection and the quality of water produced. The Arizona Department of Environmental Quality (ADEQ) has established five classes of reclaimed water based on water quality and its intended use. In this study, Class A and Class Aþ water were produced at the two utilities. The major difference in reclaimed water quality class between Class Aþ and Class A reclaimed water is the level of nitrogen content and regulation. ADEQ requires that Class Aþ has a total nitrogen concentration of less than 10 mg/L; this type of water may be used for any type of direct reuse other than potable reuse. In contrast, Class A has no such nitrogen limitation, and may be used for any type of direct reuse except those that require Class Aþ. Examples of Class A uses include irrigation of food crops, residential, school ground and open access landscape irrigation, and toilet and urinal flushing.
Utility A produces Class A water and is an older facility of approximately 25 years of age and utilizes chlorine as a means of disinfection. This utility is a 10 million gallon per day (mgd) tertiary filtration plant consisting of an effluent booster station, chlorine contact chamber and a Total coliforms, E. coli, and Enterococcus were identified using defined substrate technology, the Colilert and Enterolert systems (IDEXX laboratories, Westbrook ME). The quanti-tray (a 51-well tray designed for bacterial enumeration) is a colometric method for the detection and enumeration of coliforms and E. coli. The number of positive wells (bright yellow wells for coliforms, fluorescent blue for E. coli and Enterococcus, when exposed to UV light) were counted and utilized to obtain a Most Probable Number (MPN) per 100 mL. For E. coli, only fluorescent wells using Colilert substrate after exposure to 365 nm UV light with prior incubation at 35 ± 0. Legionella colonies were subcultured using streaking for isolation on BCYE agar without cysteine and growth indicated a positive Legionella colony (NHS Identification ).
Colonies were also confirmed by polymerase chain reaction (PCR) (Rock et al. ) .
Samples for mycobacteria were analyzed according to Standard Method 9260M (APHA ). Briefly, 250 mL samples were treated with 10 mL of 0.04% cetylpyridinium chloride (CPC), and incubated for 24 h at room temperature.
Subsequently, 10, 1 or 0.1 mL samples were filtered using a A volume of 500 mL of each sample was seeded with 3 mL of the pre-prepared E. coli. The seeded sample was then concentrated by centrifugation (9,800 g, 20 min, 25 W C). All but 10 mL of the supernatant was discarded.
This volume was then collected and inoculated onto nonnutrient agar (Difco, Sparks, MD) using the spread plate method. The plates were then incubated for 3 days at 44 W C with daily observation using bright field light microscopy to detect amoebic growth as evidenced by a plaque or clearing in the bacterial lawn.
Statistical analyses
To determine if there were any differences between the levels of microorganisms detected between populations (e.g. between samples collected in the winter and summer), analysis of variance (ANOVA) statistical tests were conducted (Microsoft Excel version 14.0.6112.5000).
The numbers of microorganisms were log-transformed to ensure that the data were normally distributed prior to the analysis. The differences were considered to be statistically significant if the P value was 0.05.
Pearson's correlation were conducted (Microsoft Excel version 14.0.6112.5000) to determine if there were any correlations between the presence and levels of waterborne or water-based pathogens and any of the other measured water quality parameters. Values between 0.6 and 1.0 (positive correlations) and also between À0.6 and À1.0 (negative correlations) were considered significant.
RESULTS

Physico-chemical parameters
Data on the water quality from each utility are shown in Tables 1 and 2 . Most chemicals and nutrients were found in both utility waters at similar concentrations except for alkalinity and total dissolved solids, which were found in higher concentrations at Utility B than at Utility A. Turbidity levels of reclaimed water averaged over the four seasons were typically less than two nephelometric turbidity units (NTU 
Chlorine stability
In Utility A, total chlorine levels dissipated rapidly with increased distance from the POC starting with an average of 3.9 mg/L at the source, to less than 0.1 mg/L at the furthest end of the distribution system. This decrease in chlorine occurred despite a chlorine booster was located within the distribution system 11.7 miles away from the plant, which temporarily resulted in increased concentrations of the disinfectant at that location ranging from 0.1 to 0.7 mg/L total chlorine. Thus, the chlorine concentration was not consistently maintained throughout the distribution system. This decrease in chlorine occurred more rapidly during the summer. Utility B did not utilize chlorine as a means of disinfection, relying instead on UV.
Microbial water quality
The microbial water quality was evaluated in terms of: (i) frequency of detection; (ii) seasonal effects; and (iii) residence time effects. With respect to frequency of detection, HPC bacteria were essentially always found in both (Figures 1   and 2 ). Aeromonas and total coliforms were also found at high frequencies in both utilities. At Utility B, Enterococci was found within ≃80% of all samples compared to <30%
of samples within Utility A. The water-based pathogen,
Legionella was found within ≃40% of all samples from both utilities. Mycobacterium was found within 40% of all Utility A samples, and 56% of all Utility B samples. In contrast, the waterborne E. coli was found at 40% incidence in Utility B, and 3% incidence in Utility A. Amoebic activity was found with similar frequency at both utilities (28%).
In contrast, both somatic coliphage and male-specific phage were found at higher frequency within Utility A (52 and 28% respectively) than within Utility B (8 and 3%
respectively).
For seasonal effects, the samples were classified as either summer (June to August), fall (September to November), winter (December to February), or spring (March to May). For the residence time, as the distance from the POC increased, water age was also assumed to increase.
The seasonal occurrence of microorganisms in reclaimed statistically significant seasonal effects. At Utility A, E. coli was rarely detected during the study and enterococci were only detected at very low concentrations (<1 log 10 /100 mL) in the summer and fall. In contrast, the water-based opportunistic pathogens Aeromonas, Legionella and Mycobacterium were found at higher concentrations of up to 4 log 10 /100 mL, but seasonal differences were not significant. Similar trends were seen at Utility B; however, the indicator organisms (E. coli and Enterococcus) were found at higher concentrations than at Utility A. These concentrations correspond to the frequency of detection of E. coli and Enterococcus, which was also higher in Utility B than Utility A.
The indicator organisms E. coli and Enterococcus were detected at low frequency at both utilities relative to the incidence of water-based pathogens such as Legionella, Mycobacterium, and Aeromonas (Figures 1 and 2 ). (approximately 11 miles from the POC). Here, following additional inputs of chlorine, HPC concentrations decreased by two orders of magnitude; water-based pathogen levels also decreased, and indicator organisms were not detected. Nevertheless, the effect of chlorine was only temporary; three miles distant from the booster station, microbial concentrations were similar to prechlorinated levels. At Utility A, E. coli and Enterococcus were only present at low concentrations and were not influenced by water age. At Utility B, E. coli and Enterococcus did increase with increased residence time.
In addition to bacteria, amoebic activity was monitored. 
DISCUSSION
Federal guidelines require an average turbidity of 2 NTU (USEPA ). The samples collected at varying distances along the distribution system met this criterion in both utilities. The required pH levels for Class A and Class Aþ reclaimed water is within the pH range of 6-9. In Utility A, the reclaimed water remained close to neutral throughout the study, while in Utility B, reclaimed water was slightly alkaline, but still met the stipulated requirements.
The loss of chlorine disinfectant in Utility A was accompanied by a rapid increase in the level of HPC Total coliform indicator organisms were detected at lower concentrations and frequencies in the chlorinated system (Utility A) than the UV system (Utility B). E. coli was only found at low concentrations and frequency in both systems. In the UV disinfected system, enterococci were found at levels one order of magnitude greater than the chlorinated system. For the chlorinated system, all mean indicator concentrations were less than 100 CFU per 100 mL, while all values were generally 1,000 CFU per 100 mL for the UV system. The UV system at Utility B is designed to produce water with <2 coliforms/100 mL. However, it is difficult to determine if the indicator concentrations within the distribution system are due to repair or to regrowth due to the lack of residual chlorine in the distribution system.
The water-based pathogens, Aeromonas, Legionella and Mycobacterium spp. were routinely found in samples collected from both systems. In the chlorinated system, Legionella was found in the highest concentrations.
Approximately 5 miles from the POC, Legionella concentrations were ≈100 CFU/100 mL. Some Legionella isolates were confirmed by PCR analysis to be Legionella pneumophila type 1. This increased to ≈10 4 CFU/100 mL after 7 miles, and remained at that level throughout the remainder of the distribution system. A similar initial increase was found for Aeromonas with values reaching ≈1,000 CFU/ 100 mL. Mycobacterium concentrations were found at fairly constant concentrations, albeit at lower levels than the other water-based pathogens. Overall, it can be noted that there were numerous instances where water-based pathogens were found at relatively high concentrations and in the absence of E. coli and enterococci. This is not wholly unexpected, given that these indicators used for Data from this study demonstrate that following entry into reclaimed water distribution systems, overall microbial water quality decreases rapidly due to microbial regrowth.
However 
